Surface water can be contaminated by bacteria from various sources, including manure from agricultural facilities. Attachment of these bacteria to soil and organic particles contributes to their transport through the environment, though the mechanism of attachment is unknown. As bacterial attachment to human tissues is known to be correlated with antibiotic resistance, we have investigated here the relationship between bacterial attachment to environmental particles and antibiotic resistance in agricultural isolates. We evaluated 203 Escherichia coliisolates collected from swine facilities for attachment to quartz, resistance to 13 antibiotics, and the presence of genes encoding 13 attachment factors. The genes encoding type I, EcpA, P pili, and Ag43 were detected, though none was significantly related to attachment. Quartz attachment was positively and significantly (P < 0.0038) related to combined resistance to amoxicillin/streptomycin/tetracycline/ sulfamethazine/tylosin/chlortetracycline and negatively and significantly (P < 0.0038) related to combined resistance to nalidixic acid/kanamycin/neomycin. These results provide clear evidence for a link between antibiotic resistance and attachment to quartz in agricultural isolates. We propose that this may be due to encoding by the responsible genes on a mobile genetic element. Further exploration of the relationship between antibiotic resistance and attachment to environmental particles will improve the understanding and modeling of environmental transport processes, with the goal of preventing human exposure to antibioticresistant or virulent microorganisms. 
During rainfall or irrigation, manure-borne bacteria can be transported to surface waters via soil and organic particles (38) . The transport of these bacteria in surface water impacts their ultimate location and survival in the environment (6, 10) and thus the likelihood of exposure to humans (17) . Previous studies have found that the fraction of Escherichia coli attached to eroded particles suspended in saturation excess flow ranges from Ͼ1% to 49% (34, 43, 44) , while the attached fraction in streams has been reported to be between 20% and 55% (8, 27) . Concentrations of bacteria in stream sediments can be 10 to 10,000 times higher than the concentration in the overlying waters (3) , highlighting the importance of understanding interactions between bacteria and sediment particles, so that the risk to public health can be properly evaluated (14, 30) .
Despite the importance of bacteria-sediment interactions, limited understanding exists of the bacterial properties that govern attachment and the resulting particulate-mediated environmental transport. Researchers who have attempted to understand bacterial attachment to quartz, a model environmental particle, have obtained mixed results, possibly due to the limited sample size used in these studies. Bolster et al. measured the physical properties of 12 E. coli isolates and found a significant relation between attachment and cell width and sphericity (5) . Contrastingly, Foppen et al.'s study of 54 E. coli isolates found no relation between attachment and cell sphericity, motility, zeta potential, aggregation or lipopolysaccharide composition (16) . Bacteria carry genes that encode various types of pili, fimbriae, and other surface proteins that mediate attachment to other bacteria, host tissues, or other surfaces (18) . An attempt to attribute quartz attachment to these surface features, instead of a cell's chemical or physical properties, found a significant relation with the expression of the Ag43 attachment factor or flagella, but the study considered only 6 isolates (31) . However, a separate study of 20 E. coli isolates that investigated 22 attachment and motility factors, including Ag43, type I pili, and afimbrial adhesion (Afa), concluded that there was no statistically significant link to any of the queried properties (16) . Thus, the underlying genetic basis for bacterial attachment to quartz, and other environmental particles, remains unidentified.
The U.S. agricultural industry uses more than 10 million pounds of antibiotics each year (20, 41) for growth promotion, disease prevention, and disease eradication purposes. The United States National Swine Survey found that 57% of feeds contain antibiotic levels three or four times above recommended levels (13) , and others have reported that up to 90% of some administered antibiotics pass through the animal's digestive systems and are excreted (37) . A comparison of surface and ground water samples collected up-or down-gradient of swine farms showed that E. coli from the down-gradient samples had increased resistance to certain antibiotics (41) . Therefore, it is not surprising that swine manure is a reservoir for transferable antibiotic resistance genes (4) . E. coli isolates from wild small mammals collected on swine farms have increased antimicrobial resistance relative to small mammals from other environments, providing another potential mechanism for dispersal of these bacteria (1).
Intriguingly, certain attachment factors associated with attachment to human tissues have been associated with antibiotic resistance in clinical isolates. For example, Liverell's study showed that antibiotic-resistant bacteria have increased adherence to human intestinal cells relative to antibiotic-sensitive strains (28) . Ampicillin resistance has been associated specifically with P pili and Dr-type attachment factors (2, 24, 25) , and tobramycin resistance has been associated with afimbrial adhesion, S fimbriae, and P pili (2) . This relationship is not surprising when one considers that mobile genetic elements carrying both attachment and resistance-associated genes have been found in E. coli (29, 39) . However, to the best of our knowledge, this association between resistance and attachment has been noted only for clinical isolates.
Manure from agricultural facilities is a major source of bacteria leading to impaired water quality. Therefore, understanding the attachment properties of these manure-borne bacteria will provide insight into the mechanisms of environmental transport and the resulting risk to public health. The goal of this study is to assess the relationship between attachment and antibiotic resistance in agricultural E. coli isolates. To achieve this goal, we evaluated the association between quartz attachment and resistance to 13 antibiotics in 203 isolates collected from swine facilities. Additionally, we queried these strains for the presence of genes encoding 13 different attachment factors and then related the presence of these genes to attachment to quartz and antibiotic resistance.
MATERIALS AND METHODS
Isolate collection and enumeration. Swine waste samples were collected from five swine facilities in Iowa between November 2008 and April 2009. The farms were selected to encompass a range of management practices: two facilities did not use antibiotics at all, while three facilities administered antibiotics at subtherapeutic levels. Freshly excreted manure samples were collected from three locations, while samples from the remaining two locations were collected from a deep pit and lagoon.
Samples were collected in two sterile 1-liter containers, stored on ice for transport to the laboratory, and processed within 12 h of collection. Manure samples were homogenized by mixing 1 g manure with 9 ml of phosphatebuffered water (Hach Co., Loveland, CO) for 10 min. E. coli was isolated and enumerated by membrane filtration, EPA Method 1603 (48), on modified mTEC agar (47) . Approximately 100 typical and atypical E. coli colonies were selected from each location and preserved in 25% glycerol frozen stocks at Ϫ80°C for further analysis.
Antibiotic resistance assays. Antibiotic susceptibility was determined by the agar dilution procedure technique (9) . Standard powders of the following antimicrobial agents were obtained from Sigma-Aldrich (St. Louis, MO): amoxicillin (AMX), ampicillin (AMP), chloramphenicol (CMP), chlortetracycline (CTC), erythromycin (ERY), gentamicin (GEN), kanamycin (KAN), nalidixic acid (NAL), neomycin (NEO), streptomycin (STP), sulfamethazine (SMZ), tetracycline (TET), and tylosin (TYL). Antibiotics for susceptibility testing were selected based on their utilization in human medicine, veterinary medicine, or both (7, 46) . One or more representatives from the following classes of antimicrobials were selected: penicillins (AMP and AMX), aminoglycosides (GEN, NEO, STP, and KAN), macrolides (ERY and TYL), quinolones (NAL), sulfonamides (SMZ), tetracyclines (CTC and TET), and other (CMP). CMP is not a macrolide, but it functions similarly by affecting the 50S ribosomal subunit (45) . While the selected antibiotics are important in treating bacterial infections, not all target Gram-negative bacteria (i.e., TYL, CMP, and ERY).
Antibiotic-infused Mueller-Hinton agar was mixed according to the guidelines proposed by the Clinical and Laboratory Standards Institute (9) for all antimicrobial agents except tylosin, which was dissolved in methanol and diluted in distilled water as previously described (26) . The E. coli isolates were tested for resistance using the MICs presented in Table 1 . All antibiotics tested fell within MIC quality control ranges that were established by the CLSI for E. coli ATCC 29522. The E. coli lab strains MG1655, BW25113, ATCC 8677, ATCC 9637, and ATCC 25922 were used as negative controls.
Isolates were grown overnight in 10 ml of Mueller-Hinton broth (MHB) in 15-ml conical tubes at 37°C in a reciprocating shaker water bath (Thermo Scientific, Waltham, MA). Strains were diluted to a 0.5 McFarland standard prior to inoculation of the antibiotic dilution plates. One microliter of each strain was aseptically transferred to plates containing one of each of the 13 antimicrobial agents at the MIC level. All strains were tested in triplicate and plated on Mueller-Hinton agar and Mueller-Hinton agar II, as controls. Plates were allowed to dry prior to closing and inverting for incubation at 37°C for 16 to 22 h. Following incubation, each strain was recorded as present or absent.
E. coli attachment to quartz. Quartz or silica sand particles passing through American Society for Testing and Materials (ASTM) sieve number 120 but remaining on sieve number 230 were selected for the attachment assay (38) . The very fine sand (63 to 125 m) was washed in distilled water and dried for 1 h in an oven at 105°C. Using the mass of quartz in 1 ml, 1.405 g cm
Ϫ3
, with an assumed density of 2.6 g cm
, an average radius of 63 m, and a volume of 1.035 ϫ 10 Ϫ6 cm 3 , the total number of particles of quartz was calculated. Assuming that the particles are spherical in shape, the surface area of one particle was determined to be 4.95 ϫ 10 Ϫ2 mm 2 (2.5 ϫ 10 10 m 2 ml
Ϫ1
); a mass of 0.4 g (which corresponds to a total surface area of 12,500 mm 2 ) of quartz provided sufficient surface area for all E. coli isolates to attach.
Each strain was transferred into sterile 15-ml conical tubes containing Mueller-Hinton broth (DifcoTM, Detroit, MI) for growth at 37°C in a reciprocal shaking water bath (Thermo Scientific, Waltham, MA) for 12 hours. Samples were removed and centrifuged for 5 min at 2,500 rpm in a refrigerated centrifuge (Eppendorf, Hauppauge, NY; model 5702 R) at 4°C. The supernatant was discarded, and 10 ml of phosphate-buffered water was added to each pellet. The pellet was resuspended by vortexing. The resuspended cells were diluted to a 0.5 McFarland standard (approximately 1.0 ϫ 10 8 CFU ml
) according to the Clinical and Laboratory Standards Institute (January 2006) using phosphatebuffered water. The actual initial E. coli concentration was determined by EPA Method 1603, consisting of CFU enumeration. Forty milliliters of the diluted bacteria cultures were aseptically added to the 50-ml conical tubes containing quartz, vortexed, and placed horizontally on an orbital shaker for 20 min at 80 rpm. After shaking, the conical tubes were placed vertically in racks, and the quartz particles were allowed to settle via gravity for 5 min, sufficient time for all particles to settle as determined by Stoke's equation. After settling, 1 ml of supernatant was removed and serially diluted to 1 ϫ 10 6 in 9 ml of phosphatebuffered water. The total E. coli concentration in the supernatant was enumerated using EPA Method 1603 and recorded as the unattached fraction. The percent attached E. coli was computed as the total number of CFU minus the number of unattached CFU divided by the total number of CFU. For quality control assessment, 15 strains were analyzed in duplicate. The average percentage error in these duplicate attachment measurements was 7.68 Ϯ 0.07.
The effect of mannose was investigated by performing the attachment assay with or without 0.2% (wt/vol) D-mannose in the phosphate-buffered water (36) .
Assessment for attachment factor and virulence genes. Two hundred and three strains that exhibited positive attachment and for which a complete set of resistance data was generated were selected for PCR analysis. Genomic DNA was isolated from cells grown in liquid Luria broth medium at 37°C overnight and pelleted by centrifugation. Genomic DNA extraction was performed using the DNeasy tissue kit according to the manufacturer's instructions (Qiagen, Valencia, CA). The concentration was determined using the Qubit nucleic acid assay system (Invitrogen, Carlsbad, CA). All genomic DNA stocks were stored at Ϫ20°C and diluted to 0.1 g ml Ϫ1 for PCR analysis. For colony PCR, cells were obtained directly from frozen glycerol stocks, transferred to 100 l of sterile nanopure water, and boiled at 95°C for 10 min.
All primers have been used previously in genotyping studies and are listed in Table 2 , except for the Ag43-specific primers, which were designed by our lab based on the MG1655 sequence. Primer sequences for virulence factors were obtained from the following sources: hemolysin A (2), shiga toxin I (21), shiga toxin II (21), cytotoxic necrotizing factor I (2), aerobactin (2), surface antigens 1, 2, 3, 4, 5, 6, 14, and 17 (19) , and enterotoxin A (21) but are not listed, as none of these virulence factors was detected in our isolate collection.
All strains were confirmed as E. coli using wecA-specific primers (2). Optimal annealing temperatures were identified using a gradient PCR for each gene by the use of genomic DNA from a positive control. Twenty-microliter reactions were performed in 96-well plates with the following components: 0.5 l bacterial DNA or boiled cells, 10 l 2ϫ Taq PCR master mix (Qiangen, Valencia, CA), 0.2 l each primer, and 9.1 l RNase-free water. Amplification was conducted in a Bio-Rad iCycler thermocycler (Bio-Rad, Hercules, CA) under the following conditions: initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 52°C for 30 s, and extension at 72°C for 3 min, and a final extension at 72°C for 7 min. For the gradient PCR, annealing temperatures were set from 45°C to 63°C. Positive controls were utilized for P pili, type I pili, S fimbriae, F1C fimbriae, and Dr hemagglutinin genes. These templates were obtained as follows: MG1655 and CFT073 were obtained from American Type Culture Collection (ATCC), pPAP5 (2) was obtained from Scott Hultgren (Washington University, St. Louis, MO), and SM298 was obtained from Steve Moseley (University of Washington). We did not have a positive control for EcpA, but the identity of the PCR product was confirmed by DNA sequencing.
The PCR product was analyzed on 1% Tris-acetate-EDTA (TAE) agarose with SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA) using an 8-ul PCR product and a 1-kb Plus DNA ladder as a standard (Invitrogen, Carlsbad, CA). Gels were documented using a Fotodyne Minivisionary photo system. Statistical analysis. Statistical analyses were performed using the Statistical Analysis JMP 8 software (SAS Institute; 2008). All data were confirmed as normally distributed using the statistic index. A t test was conducted to analyze the difference between E. coli resistance and sensitivity as a function of median percent attachment. Fisher's exact test (11) was used to analyze the difference between E. coli resistance and sensitivity as a function of the presence of type 1, EcpA, Ag43, or P pili attachment factors. For the association between quartz attachment and attachment factors as well as the association between antibiotic resistance and attachment factors, 13 comparisons were conducted separately. According to the multiplicity of determinations (Bonferroni correction), the adjusted P value was set at 0.0038 (0.05 divided by 13 comparisons).
RESULTS
Prevalence of antibiotic resistance. In order to characterize our isolate collection, we assessed our strains for their sensitivity to 13 antimicrobial agents. These agents were grouped according to their importance to humans, as determined by the World Health Organization: critically important (GEN, AMP, ERY, AMX, NAL, STP), highly important (TET, SMZ, KAN, CMP), and others (TYL, CTC, NEO) (7).
Antibiotic resistance was observed in the following increasing order (Fig. 1 According to the classes of antibiotics, isolates showed a higher level of resistance to macrolides (ERY and TYL), which is to be expected since macrolides do not target Gram-negative cells, and the lowest resistance to aminoglycosides (GEN, NEO, STP, and KAN). Of the 203 isolates, there was one isolate resistant to all antibiotics and only two isolates were sensitive to all agents (data not shown). Antibiotic resistance is associated with quartz attachment. Other researchers have previously noted a relation between attachment to human tissues and antibiotic resistance (28) . We aim to determine if there is also a relationship between attachment to environmental particles, such as quartz, and antibiotic resistance. Therefore, we grouped the population according to antibiotic sensitivity and compared the median quartz attachment of the sensitive group to that of the resistant group (Fig. 2) .
Six of the antibiotic-resistant groups showed a possibly significant increase in quartz attachment relative to the corresponding antibiotic-sensitive group ( Fig. 2A) : AMX (37.9% versus 24.5%, P ϭ 0.098), STP (35.1% versus 18.6%, P ϭ 0.005), TET (30.3% versus 18.3%, P ϭ 0.03), SMZ (29.9% versus 21.9%, P ϭ 0.054), TYL (30.3% versus 15.5%, P ϭ 0.017), and CTC (41.0% versus 17.7%, P ϭ 3.59EϪ06). When applying the most stringent significance criteria, a P value cutoff of 0.05 adjusted for a multiplicity of determinations to 0.0038, only CTC showed a significant increase in quartz attachment between antibiotic-resistant and antibiotic-sensitive groups. In contrast to the trend observed with CTC, the attachment for the strains resistant to KAN (P ϭ 1.0EϪ06), NEO (P ϭ 1.2EϪ04), or NAL (P ϭ 0.053) was lower than for sensitive strains (Fig. 2A) . KAN and NEO met the adjusted significance criteria.
We used the single-antibiotic results to select combinations of antibiotics for further analysis. Since AMX, STP, TET, SMZ, TYL, and CTC each met the possibly significant cutoff of 0.1, we analyzed strains that were resistant to these six antibiotics. As a control, eight other randomly selected combinations of 6 antibiotics were also considered. Figure 2B shows the resistant pattern of antibiotic combinations in the isolates, showing a possibly significant increase in quartz attachment relative to the antibiotic-sensitive group or to the antibioticresistant group, as shown in Fig. 2A , and six-antibiotic combinations selected randomly. The combination of the above six antibiotics (AMX/STP/TET/SMZ/TYL/CTC) showed a significant increase of quartz attachment in antibiotic-resistant groups (P ϭ 0.000567) (Fig. 2B) . We similarly analyzed the 3 antibiotics that had a negative association with attachment (NAL, KAN, and NEO). The combination of NAL/KAN/NEO decreased quartz attachment in antibiotic-resistant groups significantly (P ϭ 0.0012) (Fig. 2B) .
Attachment cannot be attributed to known attachment factors. We screened 203 isolates from five facilities for the genes encoding 13 attachment factors: P pili, type I pili, S fimbriae, colonization factor antigens I and III, F1C fimbriae, Dr hemagglutinin, afimbrial adhesion I, E. coli common pilus (EcpA), F41 pili, K99 pili, F17 pili, and Ag43. Genes associated with only four of these attachment factors were detected in our isolate pool: EcpA, type I pili, Ag43, and P pili (Table 3) . A total of 150 strains (73.9%) carried genes encoding EcpA, 122 strains (60.1%) carried genes encoding type I, 28 strains carried genes encoding Ag43 (13.8%), and only 4 (1.97%) carried genes encoding P pili. An additional 247 strains were queried for the P pili-encoding gene by the use of colony PCR, but no additional strains were identified. Additionally, we screened our isolate collection for key virulence-associated genes, but none of these virulence factors was detected (data not shown).
For these 203 strains, quartz attachment ranged from 0.84% to 99.87%, with a median value of 28.6%. Note that the attachment assay has a measurement error of 7.7%, determined by repeated analysis of 15 strains. In an attempt to attribute quartz attachment to the presence of one or more of these attachment-associated genes, strains were grouped according to their genotype ( ANTIBIOTIC RESISTANCE RELATED TO QUARTZ ATTACHMENTtachment of each of these groups was compared to that of the general population and to that of the group with no known attachment factors. Note that because the type I/P pili-only group and Ag43-only group each contained just one strain, the statistical significance was not assessed. While some comparisons met the potentially significant cutoff of 0.05, none met the adjusted cutoff. As a secondary test for the importance of the type I pili, we repeated the attachment assay for select strains that do or do not carry genes that encode type I pili in the presence of D-mannose, where exogenous D-mannose can inhibit the binding of type I pili (36) . For strains that do not carry genes that encode type I pili, the presence of D-mannose during the attachment assay decreased the median attachment 1.8 (Ϯ0.1)-fold (n ϭ 4) but did not eliminate attachment. For strains not carrying genes encoding type I pili, quartz attachment was not mannose sensitive: the median attachment value increased 1 (Ϯ1)-fold (n ϭ 4) in the presence of mannose. Thus, we conclude that quartz attachment cannot be attributed to any of these four attachment factors, though type I pili may play a contributing role.
Antibiotic resistance is associated with genes encoding attachment factors. The results shown in Fig. 2 indicate a clear relationship between attachment and antibiotic resistance. While we cannot attribute attachment to any of the queried attachment factors, we looked for a relationship between antibiotic resistance and the genes encoding attachment factors. Specifically, we compared the percentage of antibiotic-resistant strains with genes encoding the focal attachment factor to the percentage of antibiotic-sensitive strains with genes encoding the focal attachment factor. For example, the type I attachment factor is encoded by the genes of 78.8% of NAL-resistant strains, but by those of only 57.3% of NAL-sensitive strains. Meaning, NAL-resistant isolate genes more frequently encode type I pili than those of NAL-sensitive isolates. Figure 3 shows those antibiotics for which a significant difference between the resistant and sensitive populations was detected in regard to type I, EcpA, and Ag43. Strains were treated similarly whether they contained a given attachment factor only or a combination of attachment factors.
The type I attachment factor shows the most significant associations. Specifically, the isolates resistant to KAN (P ϭ 0.002), NEO (P ϭ 0.001), NAL (P ϭ 0.015), or the combination of these three antibiotics (P ϭ 0.018) carried the type I gene more often than the corresponding sensitive isolates (Fig.  3 ). When the P value is adjusted to 0.0038 to account for multiplicity, the association with NAL and the combination group do not meet significance criteria, but the associations with KAN and NEO do. There was no relationship between resistance to other antibiotics and the presence of genes encoding the type I attachment factor (data not shown). Contrastingly, strains that were sensitive to ERY were more likely to carry genes that encode EcpA (P ϭ 0.034) (Fig. 3) . Strains with genes encoding Ag43 showed higher resistance to NEO (P ϭ 0.008). Finally, strains with P pili showed a broad increase in resistance to all the antibiotics (except NAL) and the combination of AMX/STP/TET/SMZ/TYL/CTC. However, given the small size of the population (4 strains) with genes encoding P pili, it was difficult to satisfy the significance criteria (data not shown). Thus, our analysis shows that there is a relation between resistance to certain antibiotics and the presence of genes encoding certain attachment factors.
DISCUSSION
Here we have queried the relationship between three properties in a set of agricultural E. coli isolates: attachment to quartz particles, antibiotic resistance, and the presence of genes known to encode attachment factors. This work was motivated by the fact that antibiotic resistance and attachment factors can be encoded together on mobile genetic elements (23) , leading to the proposition of a significant relationship between the attachment phenotype and antibiotic resistance. This relationship has previously been observed with clinical isolates (2, 24, 25) ; the work presented here is the first investigation of agricultural isolates. We found that resistance to 6 of the 13 tested antibiotics is significantly and positively associated with quartz attachment (Fig. 2A) ; resistance to their combinations was as well (P ϭ 0.00057) (Fig. 2B) . These six antibiotics are AMX, STP, TET, SMZ, TYL, and CTC. Three other antibiotics (NAL, KAN, and NEO), and their combination, are also significantly associated with quartz attachment, though the fact that attachment is negatively associated with resistance was not expected ( Fig. 2A and B) . Our underlying hypothesis is that genes encoding antibiotic resistance and attachment are linked on mobile genetic elements, and the combination of six antibiotics (AMX/STP/TET/ SMZ/TYL/CTC) showed a significant increase of quartz attachment in antibiotic-resistant groups (Fig. 2B) , which supports this proposed linkage. To assess the validity of this hypothesis, we related the presence of known attachment-encoding genes to the observed antibiotic resistance. Of the attachment factors detected in our isolate collection, type I, Ag43, and P pili showed significant relations with resistance to at least one antibiotic (Fig. 3) . The relation of P pili with AMP resistance in our collection is consistent with previous results with clinical isolates (2) (data not shown). Note that the lack of a statistically significant relation with P pili may be due to the fact that very few strains in our collection carry genes that encode P pili. It should be clarified that nearly all of the attachment factors queried in this study are known for their ability to mediate attachment to mammalian tissues. While some of the carbohydrates known to mediate binding of these attachment factors have been detected in soil samples (12, 15) , it seems unlikely that these tissue-specific attachment factors mediate attachment to soil particles and even more unlikely that they mediate attachment to quartz. Instead, we propose that the attachment factors responsible for mediating attachment to quartz or other environmental particles, though possibly associated with type I pili, remain unidentified.
While previous studies have related quartz attachment with the expression of the Ag43 attachment factor, other studies were unable to replicate this relationship (16) , and Ag43 was not related with attachment in our study. There are two possible explanations for this discrepancy. First is the difference in sample size between these two studies: Lutterodt et al.'s analysis utilized less than 10 strains (31), while our comparison includes more than 200. A second explanation is that neither Ag43 nor type I pili is directly responsible for quartz attachment, but instead this is an indirect effect, possibly due to regulatory cross talk between attachment factors. The model attachment factor systems, particularly P pili and type I, as well as the flagellation system, are known to engage in regulatory cross talk (22, 42, 49) . We propose that the as yet unidentified attachment factor(s) responsible for quartz attachment could be subject to regulation by other attachment systems, possibly explaining our observed negative relationship of quartz attachment with certain antibiotics.
We did observe that quartz attachment was somewhat mannose sensitive in strains with genes encoding type I pili but not in strains lacking the type I genes. This suggests that the type I pili may play a contributing role in quartz attachment, though the type I genes do not meet our criteria for significant association with attachment.
The pattern of antibiotic resistance seen in our isolate collection provides an interesting comparison for other studies. For example, Moore et al.'s analysis of 12 bacterial isolates collected from rivers and lakes in Northern Ireland showed that 17%, 75%, and 75% of isolates were resistant to GEN, TET, and ERY, respectively (33) . In our isolates, the respective resistances were a strikingly similar 17%, 79%, and 83%. Contrastingly, our isolates showed a higher prevalence of resistance to certain antibiotics than that reported in a study of human stool samples by the National Antimicrobial Resistance Monitoring System (NARMS) (7) . While the 2005 NARMS report identified 0% of the isolate collection as resistant to KAN, 4.2% resistant to AMX, and 9.3% resistant to NAL, our isolate collection showed resistant populations of 40%, 25%, FIG. 3 . Relationship between antibiotic resistance and the presence of genes encoding known attachment factors; data shown only for possibly significant relations. Significance was determined by Fisher's exact test ‫,ء(‬ P Ͻ 0.1; ‫,ءء‬ P Ͻ 0.0038).
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ANTIBIOTIC RESISTANCE RELATED TO QUARTZ ATTACHMENT17%, respectively. This difference is even more striking considering that our criteria for determining resistance were more stringent than those used in the NARMS study.
In conclusion, we have shown that there is a relationship between antibiotic resistance and attachment to quartz, a model environmental particle. We were unable to attribute attachment to any known attachment factors. Therefore, we propose that quartz attachment is mediated by another, as yet unidentified surface protein or surface feature. We did find that the presence of certain attachment factors is significantly related with resistance to certain antibiotics, providing supporting evidence that these features may be encoded on shared mobile genetic elements. These results highlight the importance of studying these properties in agriculturally derived bacteria, as transport of these bacteria through ground and surface waters can result in the exposure of human populations. While we did not detect known virulence factors in our isolate collection, this potential for human exposure would be even more concerning if the strains did contain virulence factors. The identification of the specific surface features responsible for sediment attachment is critical to understanding and modeling environmental transport processes and preventing exposure of human populations to virulent, antibiotic-resistant bacteria.
